In vitro and in vivo resistance to prednisolone are predictive for an adverse prognosis in pediatric precursor B-acute lymphoblastic leukemia. Causes of resistance are still poorly understood. In this study, we observed that prednisolone exposure of prednisolone-sensitive patients' leukemic cells decreased anti-apoptotic MCL1 protein levels by 2.9-fold, while MCL1 protein expression in prednisolone-resistant leukemic patients' cells was unaffected (P<0.01). Locked nucleic acid oligonucleotides directed against MCL1 reduced MCL1 protein levels by 82±16% (P<0.05) in leukemic cells, decreased proliferation by 9-fold and sensitized to prednisolone up to 80.8-fold, compared to a non-silencingcontrol locked nucleic acid (P<0.05). Remarkably, we discovered that MCL1-silencing up-regulated the glucose consumption of leukemic cells by 2.5-fold (P<0.05), suggesting a potential rescue mechanism mediated by glycolysis. Targeting glycolysis by 2-deoxyglucose synergistically inhibited leukemic survival by 23.2-fold in MCL1-silenced cells (P<0.05). Moreover, 2-deoxyglucose and MCL1 locked nucleic acid concomitantly sensitized leukemic cells to prednisolone compared to MCL1 locked nucleic acid or 2-deoxyglucose alone (P<0.05). In conclusion, these results indicate the need to target both MCL1 and glycolysis simultaneously to inhibit leukemic survival and sensitize acute leukemia patients towards prednisolone.
Introduction
Acute lymphoblastic leukemia (ALL) is the most common cancer in children. Although cure rates have greatly improved over recent years, treatment is still ineffective in 20% of patients. Unsuccessful treatment can be ascribed to resistance of primary leukemic cells to anti-leukemic drugs. 1 Poor prognosis is particularly associated with resistance to prednisolone in childhood ALL, both in vivo and in vitro. 2 To increase current survival rates, it is, therefore, necessary to overcome prednisolone resistance.
To identify therapeutic targets to overcome prednisolone resistance, we previously performed microarray analysis on primary BCP-ALL cells of pediatric patients. 3 This indicated a role in prednisolone resistance for MCL1, an anti-apoptotic member of the BCL2 family that is frequently over-expressed in a variety of cancers, and that contributes to cancer cell survival and apoptosis resistance. 4, 5 Functional studies revealed that silencing of MCL1 sensitized leukemic cells to prednisolone. 6, 7 In addition, we and others discovered that glycolysis is increased in prednisolone-resistant leukemic cells. 8, 9 Microarray analysis on primary precursor B-acute lymphoblastic leukemia (BCP-ALL) cells of pediatric patients indicated an increased expression of several glycolytic enzymes and glucose transporters in prednisolone resistant patients. 3 Furthermore, 2-deoxyglucose (2-DG), an inhibitor of glycolysis, sensitized both leukemic cell lines and patients' ALL cells to prednisolone. 8, 9 For three reasons, we now hypothesize that anti-apoptosis sustained by MCL1, and glycolysis are linked and concomitantly induce drug resistance in leukemia. 1) Cellular respiration and apoptosis are closely related survival pathways both associated with prednisolone resistance, [6] [7] [8] [9] and other targeted molecular leukemia therapies, such as imatinib. 10 2) Increased glucose metabolism has been directly linked to MCL1 stabilization and attenuation of apoptosis. 11, 12 3) BCL2 family members can, besides their apoptotic function, adjust oxidative phosphorylation. 13, 14 In the present study, we show that silencing of MCL1 by specifically designed locked nucleotide acid antisense oligonucleotides against MCL1 mRNA (MCL1 LNA) inhibited cell survival and sensitized to prednisolone in both BCP-ALL and T-ALL leukemic cells. Moreover, we discovered higher glucose consumption in ALL cells after MCL1 silencing by both shMCL1 and MCL1 LNAs. Most importantly, we demonstrate that 2-DG treatment of MCL1-silenced cells decreased glucose consumption and synergistically reduced leukemic survival. Moreover, MCL1 LNA and 2-DG concomitantly reversed prednisolone resistance in leukemic cells. These data provide evidence that MCL1 and glycolysis should be targeted simultaneously to effectively inhibit leukemic survival and to reverse prednisolone resistance in ALL.
Methods

Cell culture and primary cells
Leukemic cells from children with newly diagnosed ALL were isolated from bone marrow aspirates and prednisolone resistance was assessed, as previously described. 1, 3 Informed consent was given by patients as approved by the local institutional review board. Only samples with 90% or over leukemic cells upon processing were used in the present study. Reh, 697, Sem, Jurkat, Loucy and HEK293T cells were obtained from DMSZ. The leukemic cell lines were cultured in RPMI+Glutamax (Gibco) and HEK293T cells in DMEM+Glutamax (Gibco) at 37°C in humidified air containing 5% CO 2 . Cell viability and cell count were determined by a trypan blue exclusion staining assay and analyzed by MACSQuant.
LNA transfection and 2-deoxyglucose treatment
Cell lines were cultured in the presence of either 10 mM locked nucleotide acid oligonucleotides directed against MCL1 (MCL1 LNA), i.e. SPC4120 (MCL1 LNA-a), SPC4342 (MCL1 LNA-b), SPC4343 (MCL1 LNA-c), or a non-silencing control oligonucleotide LNA, i.e. SPC3088. Twenty-four hours after LNA transfection, cells were cultured with and without 0.5 mM 2-deoxyglucose (Sigma). Online Supplementary Figure S1A and B illustrates that 0.5mM 2-deoxyglucose only modestly hampers cell count, while it has a quantifiable effect on glucose consumption. After 96 h, culture medium was replaced by fresh medium containing fresh LNA +/-2-DG.
Apoptosis measurement
AnnexinV/PI double positive and AnnexinV single positive cells were measured on the BD FACS Calibur flow cytometer.
Quantitative RT-PCR
MCL1 mRNA levels were quantified by incorporation of SYBR Green (Thermo Scientific) by quantitative real-time PCR (Applied Biosystems 7900HT). Primers for MCL1 were; 5'-GGAGGAG-GACGAGTTGTAC-3' (forward) and 5'-AAG GCA CCA AAA GAA ATG-3' (reverse).
Reverse phase protein array
Primary leukemic cells were cultured for 48 h with 0 mg/mL, 1 µg/mL or 250 mg/mL prednisolone. Protein was isolated and lysates were spotted twice in triplicate on glass-backed nitrocellulose-coated array slides by the facility of Dr. EF Petricoin, George Mason University, Manassas, USA. Antibodies used were: MCL1 antibody (Sigma HPA008455), Bcl-XL (Cell Signaling 2762), BCL-2 (Cell Signaling 2872) and p53 (Cell Signaling 9282).
Western Blot and immunoblotting
Twenty micrograms of protein were used as input for Western blot analysis using anti-MCL1 (Sigma HPA008455), anti BCL-2 (Cell Signaling 2872), anti-β-actin (Abcam ab6276), anti-Clathrin (Santa Cruz Sc12734), IRDye 800CW-labeled anti-rabbit and IRDye 680CW-labeled anti-mouse (Li-Cor IRDye). Protein levels were quantified using the Odyssey system
In vitro MTT drug-resistance assay
Cytotoxicity of cells towards prednisolone (Bufa Pharmaceutical Products) was determined by the in vitro 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) drug-resistance assay, as described previously. 
Glucose-consumption assay
Glucose levels were measured with the glucose assay kit (Sigma, . To calculate glucose consumption, values were compared with plain RPMI glucose levels and corrected for cell growth.
Synergistic effect
Synergistic effects were calculated from equi-effective drug concentrations by the equitation postulated by Berenbaum.
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Statistical analyses
Prednisolone exposure effects within either prednisolone resistant or sensitive patients was analyzed with a Kruskall-Wallis test. A Mann-Whitney U test was used to compare resistant to sensitive patients. The Mann-Whitney U test was also applied to analyze the effects of shMCL1. MCL1 LNA experiments were compared with a t-test. P<0.05 was considered statistically significant.
Additional information regarding methods can be find in the Online Supplementary Appendix.
Results
Downregulation of MCL1 by prednisolone is impaired in prednisolone-resistant leukemic cells of patients
Glucocorticoids are known to induce apoptosis by downregulation of anti-apoptotic BCL-2 family members independent of p53. 16, 17 We analyzed protein expression of BCL-2 family members and p53 in 3 prednisolone sensitive and 3 resistant primary patient samples after exposure to prednisolone for 48 h ( Figure S5) . The MCL1 LNAs inhibited leukemic survival up to 90%, increased apoptosis up to 60% and sensitized to prednisolone up to 80.8-fold in five distinct leukemic cell lines, all compared to a non-silencing LNA control (P<0.05) (Online Supplementary Figures S6-8 ). These MCL1 LNA results were comparable to shMCL1 results (Online Supplementary Figures S9) and indicate that targeting MCL1 may be clinically important.
MCL1-silenced cells up-regulate glycolysis. Targeting glycolysis in MCL1 silenced cells synergistically inhibits leukemic survival and concomitantly reverses prednisolone resistance
To test our hypothesis that MCL1 and glycolysis cooperate in prednisolone resistance, we examined the consumption of glucose in five distinct MCL1 silenced cell lines. A significant increase in glucose consumption, on average 149%, was 
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+ and ETP-ALL cell line, since the sensitive E2A-PBX1 + cell line was already prone to die by monotherapy alone and the highly resistant tetraploid cell line will most likely need higher amounts of the drugs to demonstrate an effect. Overall, these data indicate that MCL1-silenced cells up-regulate glycolysis and that targeting glycolysis in MCL1 silenced cells synergistically inhibits leukemic survival and concomitantly reverses prednisolone resistance.
Discussion
Prednisolone is the spearhead drug used in multi-drug treatment of ALL. Not only is the in vivo and in vitro response to prednisolone a strong prognostic factor for long-term clinical outcome, 2 relapsed ALL patients also acquire prednisolone resistance disproportionately to other anti-leukemic agents. 18 To date, various mechanisms that sensitize leukemic cells in vitro to prednisolone have been described, including inhibition of the prednisolone interconverter 11β-HSD, knockdown of the glucocorticoid-dependent transcription regulator SMARCA4, inhibition of the voltage-dependent channel hERG1, which signals to ERK/PI3K/Akt survival pathways, knockdown of the calcium scavengers S100A8/S100A9, downregulation of anti-apoptotic MCL1, upregulation of pro-apoptotic BIM, and inhibition of glycolysis. 6, 8, 9, [19] [20] [21] [22] Sensitizing cells to prednisolone may, therefore, require a multifactorial approach. In this study, we provide evidence that reduction of MCL1 levels and inhibition of glycolysis synergistically inhibits leukemic survival and concomitantly sensitizes to prednisolone in ALL cells.
Downregulation of anti-apoptotic BCL-2 family members is hampered in prednisolone-resistant cells. 16 In the present study, we observed that prednisolone exposure decreased the expression of the anti-apoptotic MCL1 in leukemic cells of sensitive patients, whereas that of resistant cells remained unchanged. Prednisolone did not affect the expression of other BCL-2 family members (BCL-XL and BCL-2) nor p53. In line with this are microarray data on primary BCP-ALL, which identified higher anti-apoptotic MCL1 expression in prednisolone-resistant cells, but not higher Bcl-XL, BCL-2 or p53 expression. 3 We observed 
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that silencing of MCL1 expression by two means, shMCL1 and MCL1 LNA, induced apoptosis and sensitized to prednisolone in BCP-ALL and T-ALL cell lines. This is consistent with previous findings in other leukemic cell lines that demonstrated prednisolone sensitization after direct knockdown of MCL1 by shMCL1 or indirect downregulation of MCL1 via inhibition of mTOR. 6, 7 Another study reported that disruption of the complex between beclin-1 and MCL1 by obatoclax and exposure to dexamethasone-activated autophagy-dependent celldeath in otherwise dexamethasone-resistant cells. 23 However, inhibition of autophagy only slightly induced resistance to dexamethasone, implying direct anti-apoptotic effects as well. 23 Overall, these data indicate MCL1 as a potent therapeutic target to convert glucocorticoid resistance. However, high expression of MCL1 is not predictive for an adverse clinical outcome, suggesting that additional mechanisms co-occur that induce prednisolone resistance in pediatric ALL. 6 Here, we observed that targeting MCL1 forces the glycolysis route, thereby rescuing cells from prednisolone-induced apoptosis. It has been shown that BCL2 family members maintain the mitochondrial membrane potential by regulating the permeability transition pore and the ATP/ADP pump, both involved in oxidative phosphorylation. 13, 14 Knockdown of MCL1 may, therefore, impair oxidative phosphorylation, forcing cells to produce ATP by glycolysis to ensure survival. This hypothesis is supported by our observation that treatment of leukemic cells with azide, a known inhibitor of oxidative phosphorylation, also increases glucose consumption (Online Supplementary Figure S15) . Furthermore, an MCL1 aminoterminally truncated isoform was recently discovered that facilitates ATP production, respiration and maintenance of oligomeric ATP synthase in the mitochondria. 24 Our three MCL1 LNAs all target the 3' UTR of MCL1 and, therefore, also diminish this truncated MCL1 isoform. Furthermore, the glycolysis and apoptotic pathways may be connected via activity of the BCL2 family member BAD. The phosphorylation of aminoacid S112 in the BH3 domain of BAD acts like a switch between the metabolic and pro-apoptotic functions ascribed to BAD. BAD resides in a mitochondrial complex together with glucokinase and contributes to the activity of this glucose-metabolizing enzyme. 25 Glucokinase mediates the first step in glycolysis by converting glucose into glucose-6-phosphate. Although it has been shown that MCL1 does not bind BAD directly, 26 
indirectly induce BAD activity and/or may trigger glycolysis in a similar way as the BAD/glucokinase complex. As a net result, the glycolytic rate (and hence glucose consumption) will increase, and this may provide a rescue mechanism against prednisolone-induced cell death. This speculative functional explanation still awaits further studies. Our study showed that inhibition of both glycolysis and MCL1 synergistically inhibits leukemic cell survival and concomitantly sensitizes leukemic cells to prednisolone. These results indicate the need to target both pathways and suggest that targeting MCL1 as a single target may not yield the desired clinical effect. We previously demonstrated that ALL cells increase glucose consumption to prevent prednisolone-induced apoptosis. 8 Glucocorticoids inhibit intracellular glucose uptake by regulating the expression of glucose transmembrane transporter (GLUT). [27] [28] [29] Dexamethasone decreases GLUT-1 expression in ALL cells thereby decreasing glycolysis and inducing apoptosis. 30 We observed higher expression of GLUT-1 in prednisolone-resistant ALL patients. 3 TXNIP, a negative regulator of glucose uptake, 30 is correlated to GLUT-1 expression 31 and was also found up-regulated after prednisolone treatment in sensitive patients. 32 Further studies are needed to demonstrate whether TXNIP and GLUT-1 facilitate the higher glucose metabolism observed after MCL1 knockdown.
Our results suggest that treatment with MCL1 LNA antisense and 2-DG represent a promising approach to decrease leukemic cell survival and to sensitize ALL patients to prednisolone. LNA antisense may offer a more direct and specific way of silencing MCL1 than the current BCL-2 family inhibitors R-(-)-gossypol (AT101) and obatoclax (GX-15-070) 33, 34 which recently entered clinical phase I/II trials. Both inhibitors can block several members of the BCL-2 family, increasing the chance of side effects in clinical practice. In contrast, LNA antisense specifically target the mRNA expression of one gene. We have shown in this study that MCL1 LNA effectively silences MCL1 mRNA and protein expression in ALL cells, comparable to knockdown with the more stable shMCL1. Notably, no delivery vehicles were necessary to ensure uptake of MCL1 LNA antisense molecules by the ALL cells. Moreover, LNAs are conformationally structured to prevent most of the current hurdles in siRNA treatment, such as delivery, stability of the RNA molecules in circulation, strand bias and off-target effects. 35 LNA antisense molecules are currently investigated in phase I early clinical trials for three different target genes: EZN-3042, an inhibitor of Survivin is being investigated in children with relapsed ALL (Clinicaltrials.gov NCT01186328); EZN-4176, which targets the androgen receptor, is being studied in adults with castration-resistant prostate cancer (NCT01337518); and EZN-2968, an HIF-1A-inhibitor, is being examined in advanced solid tumors and lymphoma (NCT00466583). We here provide functional in vitro proof that MCL1 LNA antisense molecules are effective in inhibiting leukemic cell survival and reversing prednisolone resistance and may suggest the need for further investigation of these MCL1-LNAs in clinical trials. However, as our data show that silencing of MCL1 increases glycolysis of cells, neither MCL1 LNA nor BH3 mimetics should be used as single agents. We have shown that this shift in energy metabolism can be exploited to concomitantly sensitize leukemic cells to prednisolone. 2-DG may be a candidate agent since it has therapeutic potential and has been proven to cause chemosensitization in acute leukemia, 8 breast cancer, 36 and prostate cancer 37 cells, and is now used in phase I clinical trials (ClinicalTrials.gov NCT00096707).
In conclusion, MCL1 is a potent target to therapeutically inhibit leukemic survival and to reverse drug resistance in pediatric ALL. However, MCL1-silenced cells up-regulate glycolysis, which may rescue cells from prednisoloneinduced apoptosis. These data, therefore, provide evidence for concomitant causes of survival and resistance, and indicate that MCL1 and glycolysis should be targeted simultaneously to reduce leukemic cell survival and prednisolone resistance in ALL. 
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